tracts, suggesting that the major function of PIP 2 in exmogeneity. The importance of Toca-1 is underscored by the finding that it is also required both for PIP 2 -induced tracts is not at the level of N-WASP activation, as suggested by the purified system (Rohatgi et al., 2000) . actin polymerization and for the actin-driven motility of endomembrane vesicles. Toca-1 is a Cdc42 binding proThese observations indicate that the previously described purified system (consisting of Cdc42, PIP 2 , free tein and is a member of the PCH (pombe Cdc15 homology) protein family highly conserved across eukaryotes N-WASP, and the Arp2/3 complex) is incomplete.
In order to better understand the Cdc42 pathway, we (Lippincott and Li, 2000) . Based on analysis of interactions between Toca-1 and the previously described fractionated Xenopus HSS with the goal of identifying all of the required components. In this paper, we report components, we construct a revised model of this important pathway. This model substantially clarifies the the purification of an essential component called Toca-1 (transducer of Cdc42-dependent actin assembly) to homolecular logic of Cdc42-actin signaling, suggests a Starting material, 25 bovine calf brains. Activity unit is defined by the amount (volume) of MCAP2B-containing fraction required to support Cdc42-induced actin foci formation in a 7L reaction volume. Given that the microscopic assay described in Figure 1 is inherently qualitative, the activity levels are estimated based on end-point dilution and a four-point visual scoring system. Activity in the high-speed supernatant was too low to be assayed quantitatively and thus was not included in the computation of final fold purification. If this step is included, we estimate the net purification to be at least 25,000-fold.
biochemical function for the emerging PCH family of MCAP2A (data not shown). Immunodepletion of N-WASP from MCAP2A eliminated the ability of MCAP2A to supproteins, and provides insights into the molecular pathogenesis of Wiskott-Aldrich syndrome.
port Cdc42-induced actin assembly when combined with the Arp2/3 complex and MCAP2B ( Figure 1D ). The activity could be restored by adding recombinant Results N-WASP to the depleted fraction ( Figure 1D ). Thus, in agreement with our prior results in the Xenopus system A Previously Unidentified Activity Is Required (Rohatgi et al., 1999) , N-WASP is an essential compofor Cdc42-Dependent Actin Assembly nent of MCAP2A.
in Cell Extracts
We next focused on the identification of MCAP2B, an We previously reported the reconstitution of Cdc42-activity that likely represented a previously unknown induced actin assembly in high-speed supernatants component of the Cdc42 pathway, as it did not cofractiomade from Xenopus egg extracts ("Xenopus HSS") (Ma nate with either the Arp2/3 complex or N-WASP ( Figure  et al., 1998a) . The Arp2/3 complex and N-WASP are two 1C). Early on in the purification, we noticed that the components essential for this activity; however, one adactivity in MCAP2B had affinity for Cdc42. The activity ditional chromatographically distinct activity is also recan be depleted from MCAP2B fractions by Cdc42-quired. In developing a purification strategy, we discov-GTP␥S beads but not Cdc42-GDP beads (data not ered that this activity could be more easily isolated from shown). Yet, attempts to identify MCAP2B by screening bovine brain extracts. As the Xenopus HSS is much for known Cdc42 binding proteins or by affinity purificamore amenable to quantitative monitoring of actin astion using immobilized Cdc42 were not successful. sembly, we return to it after the purification for biochemiTherefore, we attempted to purify MCAP2B to homogecal analysis of the pathway. neity by conventional fractionation techniques. High-speed supernatants made from bovine brain extracts (brain HSS) behave much like Xenopus HSS with respect to actin assembly. Actin polymerization is initiPurification of MCAP2B from Bovine Brain Extracts To purify MCAP2B, soluble proteins derived from 25 ated by the addition of recombinant Cdc42-GTP␥S to brain HSS supplemented with rhodamine-labeled actin, bovine calf brains were sequentially fractionated over eight steps shown in Table 1 . At each step, column resulting in the rapid formation of F-actin (cytochalasin B-sensitive) foci ( Figure 1A) . As expected, the activity fractions were tested for their ability to support the formation of Cdc42-induced F-actin foci by combining depends on the GTP bound state of Cdc42. This pathway is also specific to Cdc42. Other small G proteins them with purified Arp2/3 complex (MCAP1) and partially purified MCAP2A (as shown in Figure 1C ). Throughsuch as Rac and Rho cannot induce F-actin foci (data not shown). This rhodamine-actin based microscopic out the entire purification, ␣-Arp3 and ␣-N-WASP immunoblotting was performed to confirm that MCAP2B was assay is quick and consumes only a small amount of material, making it an ideal assay for following the activdistinct from these previously identified components (data not shown). ity of this pathway during protein purification.
As in the Xenopus system, fractionation of bovine After an estimated 25,000-fold purification, summarized in Table 1 , the MCAP2B activity perfectly cofracbrain HSS revealed that Cdc42-induced actin polymerization requires at least three chromatographically distionated with an ‫06ف‬ kDa protein ( Figure 1E ), which was unambiguously identified by liquid chromatogratinct activities, or MCAPs (mediators of Cdc42-induced actin polymerization) ( Figures 1B and 1C) kDa. We named this protein Toca-1 for transducer of silent mutations into the Toca-1 cDNA (described in Supplemental Data at http://www.cell.com/cgi/content/ Cdc42-dependent actin assembly-1 (Figure 2A) .
To confirm the nucleotide sequence encoding human full/118/2/203/DC1). After cloning Toca-1, we produced recombinant huToca-1, we sequenced four independent PCR products derived from human fetal brain cDNA pools. All four man Toca-1 in insect (SF9) cells ( Figure 3B ) and found that this protein could fully complement the bovine sequencing reactions yielded identical sequences, which differed from that of Patent WO0075321 at ten MCAP2B activity ( Figure 1F 
Toca-1 across species is highlighted by the finding that
To map the region of Toca-1 required for binding to Toca-1 homologs from X. tropicalis and D. melanogaster Cdc42, Toca-1 fragments were tested for their ability to can complement the MCAP2B activity in our assay sysselectively interact with Cdc42-GTP␥S ( Figure 4C ). This tem (data not shown).
deletion analysis identified the region between amino acids 245 and 477, a region that contains the HR1 doToca-1 Is Essential for Cdc42-and PIP 2 -Induced main, as minimally essential for Cdc42 binding. The reActin Polymerization gion between amino acids 105 and 244 contributes to the We returned to the complete Xenopus extract system for efficiency of this interaction, perhaps by promoting the biochemical analysis of Toca-1 in the Cdc42 pathway. In proper folding of Toca-1. These regions overlap with this system, the kinetics of actin polymerization can be the previously mapped Cdc42 binding site in CIP4 (CIP4 monitored quantitatively using pyrene-labeled actin, a amino acid residues 383-417, corresponding to residues fluorescent derivative of actin that exhibits a dramatic 385-417 in Toca-1) (Tian et al., 2000). Although the HR1 increase in fluorescence intensity upon polymerization domain was not yet clearly defined and thus not recog- (Ma et al., 1998a) . Using an affinity-purified ␣-Toca-1 nized in CIP4 and FBP17 at the times these proteins polyclonal antibody, we immunodepleted Ͼ95% of were first described, it is now clear that both CIP4 and endogenous Toca-1 from Xenopus HSS ( Figure 3A) . HR1 domain suggests that its structure is very similar N-WASP, ‫001ف‬ nM). We confirmed that immunodepleto those described for the PRK1 HR1s (Maesaki et al., tion of Toca-1 from Xenopus HSS had no effect on the 1999; Owen et al., 2003) . Thus, the HR1 antiparallel endogenous levels of N-WASP and the Arp2/3 complex, coiled-coil finger structure appears to be a general scafsuggesting that the effect of Toca-1 depletion was spefold for interactions with Rho-family GTPases, and cific (data not shown). amino acid differences between the HR1 domains likely Toca-1 is also required for PIP 2 -induced actin assemdetermine specificity for different Rho GTPases ( To test the functional significance of Toca-1's interacThus, Toca-1 is required for both Cdc42-and PIP 2 -tions with Cdc42 and N-WASP, we generated Toca-1 induced actin polymerization. mutants defective in these activities. As shown in Figure  4D , the MGD mutant, with three conserved residues Direct Binding of Toca-1 to Cdc42 and N-WASP (MGD) in the HR1 domain substituted with IST, is signifiIs Required for Its Function cantly impaired in its ability to bind Cdc42 (but not We expected that Toca-1 would directly bind to Cdc42-N-WASP). Notably, the I398S mutation in CIP4 has been GTP, because the MCAP2B activity from brain HSS can shown to abrogate binding to Cdc42 (Tian et al., 2000); be depleted with Cdc42-GTP␥S-coated beads and behowever, the analogous mutant of Toca-1 (I400S) is uncause CIP4, a protein related to Toca-1, is a known affected ( Figure 4D ). The W518K mutant, with a conCdc42 binding protein (Aspenstrom, 1997). When reserved tryptophan in the SH3 domain mutated to a lycombinant Toca-1 was incubated with Cdc42-GTP␥S or sine, no longer binds to N-WASP but can still bind Cdc42 Cdc42-GDP immobilized on beads, it bound specifically with high affinity ( Figure 4D ). ization in these extracts, the MGD (HR1) and the W518K as a complex with N-WASP (data not shown). Therefore, we conventionally purified the native N-WASP-WIP com-(SH3) mutants were both completely inactive at this concentration ( Figures 4E and 4F) . At 20 nM, the MGD muplex from Xenopus eggs ( Figures 5C and 5D ). Using an in vitro purified system consisting of the native N-WASPtant exhibited a slight activity ‫%51ف(‬ of wild-type at the same concentration) (Figure 4F ), likely reflecting its WIP complex from Xenopus eggs or recombinant N-WASP from SF9 cells, Cdc42-GTP␥S, and the Arp2/3 residual affinity for Cdc42 ( Figure 4D ). The W518K mutant was still completely inactive at 20 nM ( Figure 4F) . complex, the behavior of the N-WASP-WIP complex was directly compared to that of recombinant free N-WASP In summary, the ability of Toca-1 to interact with both Cdc42 and N-WASP is required for its function. Since over a wide range of concentrations ( Figure 5E ). Again, Toca-1 had only a small stimulatory effect on the activa-SH3 domains display promiscuous interactions with proline-rich proteins (such as N-WASP) under purified tion of recombinant free N-WASP by Cdc42-GTP␥S (Figure 5E ). In contrast, activation of the native N-WASPconditions, we cannot exclude the possibility that the SH3 domain of Toca-1 interacts with proteins other than WIP complex by Cdc42-GTP␥S strongly depended on the presence of Toca-1 (Figures 5E and 5F ). Further-N-WASP in extracts. more, while recombinant free N-WASP exhibits significant basal activity even in the absence of Cdc42, the Toca-1 Is Required for Cdc42 to Activate N-WASP-WIP complex displays virtually no basal activthe Native N-WASP-WIP Complex ity and absolutely depends on the presence of both Thus far, we have established the requirement of Toca-1 Cdc42 and Toca-1 for activation ( Figures 5E and 5F ). for Cdc42-and PIP 2 -induced actin nucleation in cell Noticeably, the native N-WASP-WIP complex has a speextracts. Surprisingly, when we added Toca-1 to the cific activity approximately one order of magnitude purified system, consisting of Cdc42-GTP␥S, recombihigher than that of recombinant N-WASP ( Figure 5E ). nant N-WASP, and the Arp2/3 complex, there was only
We conclude that Toca-1 is required for Cdc42-GTP to a small effect on the actin polymerization kinetics ( X-100, and once with XB plus 0.1% Triton X-100. Proteins bound to the beads were eluted with SDS sample buffer and analyzed Protein Identification by Tandem Mass Spectrometry by immunoblotting. Protein identification by tandem mass spectrometry was performed GST pull-down assays using 35 S-labeled proteins were performed as described (Gygi et al., 1999).
as described above. The reticulocyte lysate (10 L) containing the 35 S-labeled proteins were used in each binding reaction. The labeled Actin Polymerization Assays proteins were visualized using a PhosphorImager (Bio-Rad). Rhodamine-actin microscopic assays using bovine brain extracts were performed as previously described for Xenopus HSS (Ma et PMA-Induced Vesicle Motility Assays al., 1998b).
PMA-induced vesicle motility assays were performed as described Pyrene-actin was used to follow actin polymerization in Xenopus (Taunton et al., 2000) . Actin comet tails were induced by addition extracts as described previously (Ma et al., 1998b) . Polymerization of PMA (2 M final) to Xenopus HSS supplemented with HeLa postwas initiated by addition of 250 nM GST-Cdc42-GTP␥S or 10 M nuclear supernatant containing endomembranes. HSS was immulipid vesicles containing 10% PI(4,5)P 2 , 45% phosphatidylcholine, nodepleted with ␣-Toca-1 or nonspecific IgG. An additional 30 nM and 45% phosphatidylinositol. of the respective antibodies was added to the final reactions to Actin polymerization assays using purified components were perneutralize Toca-1 carried over from the HeLa cell endomembranes. formed as previously described (Rohatgi et al., 1999) . All reactions contained 2 M purified rabbit muscle actin (35% pyrene labeled), 30 nM purified bovine Arp2/3 complex, 250 nM purified prenylated Data Analysis GST-Cdc42 produced in insect cells, and indicated concentrations All kinetic analyses were performed using Origin (Microcal Softof Toca-1, N-WASP, or the N-WASP-WIP complex. ware). Maximum elongation rates from pyrene-actin polymerization reactions were calculated from the slopes of the linear, elongation phase of the actin assembly curves. All data shown in the figures Molecular Biology Cloning of human Toca-1 cDNA is described in Supplemental Data.
were taken from experiments performed at least twice. Toca-1 doseresponse data were fitted by least squares nonlinear regression The cDNA encoding Xenopus tropicalis Toca-1 was isolated from an 
Accession Numbers
Nucleotide and protein sequences for human and Xenopus tropicalis Toca-1 have been deposited in GenBank under the accession numbers AY514449 and AY640054, respectively.
